Dynamic heart rate control by parasympathetic nervous input involves feedback mechanisms and reflex bursting of efferent cardiac vagal fibers. Periodic vagal bursting induces phasic changes in sinoatrial cycle length and can entrain the pacemaker to beat at periods that may be identical to those of the vagal burst. We investigated the electrophysiological basis of these phenomena in isolated sinus node preparations (rabbit, cat, and sheep). In the presence of propranolol (3.9 X 10~6 M), relatively brief (50-150 msec) trains of stimuli, applied onto the endocardial surface of the preparation, activated postganglionic vagal terminals and induced a brief hyperpolarization of sinoatrial pacemaker cells. This vagally mediated hyperpolarization could alter the pacemaker rhythm by an amount that depended on its duration and its position in the cycle, as well as on the duration of the free-running pacemaker period. When the free-running period was sufficiently long and the hyperpolarization was induced sufficiently early in the spontaneous cycle, a "paradoxical" acceleration of the pacemaker rhythm ensued. Phasic changes were plotted on phase-response curves, constructed by scanning systematically the sinoatrial pacemaker period with single or repetitive vagal trains. These phase-response curves enabled us to predict the entrainment characteristics and the levels of synchronization of the pacemaker to the vagal periodicity. The overall data explain the cellular mechanisms involved in the phasic effects of brief vagal discharges on sinoatrial periodicity, and provide conclusive evidence for the prediction that repetitive vagal input is capable of forcing the cardiac pacemaker to beat at rates that can be faster or slower than the intrinsic pacemaker rate. These data should improve our knowledge of the dynamic control of heart rate by neural reflexes and aid in our understanding of rhythm disturbances generated by the interaction of the cardiac pacemaker with vagal activity. (Circ Res 52: 642-656, 1983) 
SUMMARY. Dynamic heart rate control by parasympathetic nervous input involves feedback mechanisms and reflex bursting of efferent cardiac vagal fibers. Periodic vagal bursting induces phasic changes in sinoatrial cycle length and can entrain the pacemaker to beat at periods that may be identical to those of the vagal burst. We investigated the electrophysiological basis of these phenomena in isolated sinus node preparations (rabbit, cat, and sheep) . In the presence of propranolol (3.9 X 10~6 M), relatively brief (50-150 msec) trains of stimuli, applied onto the endocardial surface of the preparation, activated postganglionic vagal terminals and induced a brief hyperpolarization of sinoatrial pacemaker cells. This vagally mediated hyperpolarization could alter the pacemaker rhythm by an amount that depended on its duration and its position in the cycle, as well as on the duration of the free-running pacemaker period. When the free-running period was sufficiently long and the hyperpolarization was induced sufficiently early in the spontaneous cycle, a "paradoxical" acceleration of the pacemaker rhythm ensued. Phasic changes were plotted on phase-response curves, constructed by scanning systematically the sinoatrial pacemaker period with single or repetitive vagal trains. These phase-response curves enabled us to predict the entrainment characteristics and the levels of synchronization of the pacemaker to the vagal periodicity. The overall data explain the cellular mechanisms involved in the phasic effects of brief vagal discharges on sinoatrial periodicity, and provide conclusive evidence for the prediction that repetitive vagal input is capable of forcing the cardiac pacemaker to beat at rates that can be faster or slower than the intrinsic pacemaker rate. These data should improve our knowledge of the dynamic control of heart rate by neural reflexes and aid in our understanding of rhythm disturbances generated by the interaction of the cardiac pacemaker with vagal activity. (Circ Res 52: 642-656, 1983) THE control of heart rate by the autonomic nervous system is a dynamic process mediated in part by reflexly induced periodic discharges of efferent cardiac vagal fibers. Each time the systolic pressure wave arrives at the baroreceptor regions in the aorta and the carotid sinuses, it generates a discrete burst of impulses hi ihe efferent fibers (Green, 1959; Iriuchijima and Kumada, 1963) . Experiments from several laboratories have demonstrated that periodic vagal stimulation can induce phasic changes in heart rate and can force the cardiac pacemaker to beat at periods that may be equal, or harmonically related, to the period of the vagal input Oshima, 1968, 1969; Reid, 1969; Levy et al., 1969) . The mechanism of the synchronization phenomenon is explained by the observation that a brief vagal discharge can alter the pacemaker period by a quantity that depends on the magnitude of the stimulus and on the time of its arrival during the cardiac cycle Eckberg, 1976; Jalife and Moe, 1979a) .
Recently we studied the cellular basis of these phasic phenomena in an isolated vagus nerve-sinus node preparation 0alife and Moe, 1979a) . In that study, brief trains of stimuli applied to the cervical portion of the vagus were used to perturb the sinoatrial pacemaker at different phases of its spontaneous cycle. Vagally induced transient hyperpolarizations resulted in phase shifts of the pacemaker rhythm that depended on the timing, amplitude, and duration of the hyperpolarization. In addition, sinus node-sucrose gap experiments in which the effects of shaped hyperpolarizing pulses were used to scan the pacemaker period suggested that the magnitude of the phase shift is a function of the relationship between the duration of the hyperpoiarizarion and the duration of the pacemaker period 0alife and Moe, 1979a) . Those experiments provided important clues as to the cellular mechanisms involved in the phasic vago-nodal interactions originally described by Donders (1868) and later plotted by Brown and Eccles (1934) .
In the present study, we have employed the isolated sinus node preparation, and we have applied perturbation techniques of oscillator theory (Pinsker, 1977) in an attempt to provide direct evidence for the cellular mechanisms of phasic vago-nodal interactions. These results should improve our knowledge concerning the dynamic control of heart rate by neural reflexes and aid in our understanding of rhythm disturbances generated by the interactions of the cardiac pacemaker with periodic, reflexly mediated, vagal input.
Methods

Definitions
In this paper, the sinoatrial pacemaker is treated as a system of homogeneous, self-sustained oscillators coupled to each other by low resistance pathways, and subject to identical levels of vagal innervation. Obviously, this is an oversimplification (c.f. Bleeker et al., 1980) . Yet, it is necessary if one is to define the basic behavioral properties of the cardiac pacemaker in response to periodic vagal input. The period (T; I/frequency) of the pacemaker or pacemaker cycle length (PCL) is the time required to complete one full cycle of activity and is measured at the peak of the sinus nodal action potential (Fig. 1) . The intrinsic or free-running period (TFR) of the pacemaker is the period in the absence of external influences (e.g., vagal input). The time within the cycle at which an input is applied will be referred to as the phase (<j>), and will be expressed in terms of absolute value (msec) or normalized to the free-running period (ie., <£/T FR X 100).
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A brief vagal train (VT) applied at a specific phase in the pacemaker period ( Fig. 1 ) induces a hyperpolarization. This effect begins after a latency (L) associated with activation of the muscarinic channel (Hill-Smith and Purves, 1978; Jalife and Moe, 1979a; Osterrieder et al., 1980) , reaches a maximum (AVmai) and induces changes in the timing of the subsequent pacemaker discharge. The total duration of this hyperpolarization, the cophase (0), is a function of the duration of VT (see Table 1 ) and is measured to the peak of the subsequent pacemaker discharge. The duration of the new period (T) resulting from the vagal input is determined by the relationship T = 0 + (<t> + L).
(1) Since the changes induced by a single vagal stimulus are short lived and the pacemaker rapidly (5-10 seconds) returns to its free running cycle Qalife and Moe, 1979a), the delaying or accelerating effects can be described as phase shirts (A<J>) of the pacemaker period with respect to its original rhythm (Fig. 1) . The phase shift is determined by the relationship A<f > = T -TFR .
(2)
The phase-response curve (PRC) is a plot of the phase shift induced by the vagal input as a function of the phase at the moment of the input. Entrainment of the pacemaker occurs when its period is equal, or harmonically related, to the period of the vagal input, although not necessarily with a stable phase relationship. In contrast, synchronization is entrainment with exactly simultaneous pacemaker and vagal discharges (Aschoff, 1965) . Nevertheless, in this article, the terms entrainment and synchronization will sometimes be used as synonyms.
Experimental Procedures
Isolated sinus node preparations were excised from 13 albino rabbits (1.5-3.0 kg) anesthetized by intravenous in- 
All values are expressed as mean ± SEM. Data were obtained from one or more single train PRC's in each experiment at three different train durations (50,100, and 150 msec). AMP: action potential amplitude; MDP: maximum diastolic potential; TPR: free-running period; (Jw*: phase of maximum vagal effect (in msec and as percent of TFR; L: latency to hyperpolarization (see Fig. 1 ); AVma,: maximum change in membrane potential; A^nu*: maximum delaying effect; 6: cophase, measured from onset of hyperpolarization to peak of delayed pacemaker discharge. Numbers in parentheses correspond to number of determinations of a given parameter. * Statistical analysis by a "fitting constants" method (Steel and Torrie, 1980) demonstrated no significant difference between cat and rabbit 8 in response to a given vagal train duration. jection of sodium pentobarbital (35 mg/kg). Preparations were also obtained from seven young cats and one sheep. The chest was opened through a midline incision, and the heart was excised and placed in warm oxygenated Tyrode's solution.
Small rectangular blocks (1.0 cm 2 ) of right atrial tissue containing the sinoatrial region were excised. Spontaneously beating preparations were transferred to a Plexiglas tissue bath and pinned to the wax bottom of the chamber with the endocardial surface up. Equilibration was allowed for at least 1 hour while supervising the preparation at a rate of 20 ml/min with a modified Tyrode's solution that was saturated with a mixture of 95% oxygen and 5% CO2. Unless otherwise indicated, temperature was maintained at 36-37°C. The composition of the solution (mM) was NaCl, 130; KCl, 4; NaHjPO.,, 1.2; NaHCO 3 , 24; CaCl 2 ,1.8; MgCl 2 , 1.0; and glucose, 5.6.
Transmembrane potentials were recorded from the sinoatrial pacemaker region with microelectrodes filled with 2.7 M KCl and connected to high input impedance amplifiers (WPI models 750 and KS -700). The "true" pacemaker region was identified by the action potential morphology and by locating the site of earliest activation with respect to an external surface recording obtained from the crista terminalis.
Dynamic vago-nodal interactions were studied under conditions in which postganglionic vagal nerve terminals were stimulated following a technique modified from Vincenzi and West (1963) . Electrical stimuli were applied through a pair of silver electrodes separated by 3-5 mm and positioned directly on the endocardial surface of the cephalic portion of the node. Stimuli were generated by a P6i Frederick Haer stimulator and usually consisted of brief trains (50-100 msec) of biphasic pulses, 50-150 /isec in duration, 10-20 V in amplitude, and frequency of 200 Hz. These trains were subthreshold for sinoatrial node cells but were of sufficient magnitude to stimulate postganglionic vagal nerve terminals. No qualitative differences were found in the vagal effects induced by postganglionic stimulation in these small preparations and those observed in previous experiments with preganglionic vagal nerve stimulation (Jalife and Moe, 1979a) .
In all experiments, activation of /8-adrenergic receptors was prevented by constantly superfusing the preparation with Tyrode's solution containing propranolol 3.9 X 10~6 M (1 /ig/ml). After equilibration under these conditions, the magnitude of the responses to vagal stimulation was constant and remained stable for the duration of the experiment (6 hours or longer).
Each experiment consisted of three consecutive parts. First, the phasic effects of brief vagal discharges on sinoatrial pacemaker activity were assessed by applying single vagal trains every 10-20 seconds, scanning the spontaneous pacemaker period. The upstroke of the action potential was used to trigger the stimulator after variable delay. In some experiments (see Figs. 3 and 4) a second P6i stimulator was used to deliver slow frequency background stimulation through the same pair of surface electrodes. This enabled us to control the spontaneous pacemaker frequency and to determine the phasic effects of brief vagal input at various pacemaker cycle lengths in the same preparation.
In the second stage, brief vagal stimuli were applied after every pacemaker discharge (phase coupling; Levy et al., 1969) . In this manner, steady state phase response curves were obtained by varying the position of the vagal stimulus in steps of 20-50 msec, over the entire pacemaker period. The PRC's obtained for single and for steady state condi-tions were compared in terms of shape, duration of latent period, and inhibitory effects, as well as in terms of peak delaying and acceleratory components. These comparisons aided us in making quantitative predictions about more complex interactions during repetitive vagal discharges.
The predictive value of the single train and steady state PRC's was tested in the final experimental stage during which rhythmic vagal stimulation was applied at periods that were independent of the sinoatrial pacemaker rhythm (entrainment paradigm). The steady state interactions between the periodic vagal input and the pacemaker cycle length were determined at vagal stimulus periods that ranged between 200 and 1200 msec, in steps of 20-50 msec. At each vagal period, pacemaker cycles were recorded until a stable pattern of rhythm was established. Then vagal stimulation at a new cycle length was applied. The freerunning pacemaker period was recorded before and after each completed run.
Statistical Analysis
Statistical comparison of cophase function (0) obtained in rabbit and cat experiments (Table 1) was made using the method of "fitting constants" (Steel and Torrie, 1980) , a randomized block design assuming no interactions. The data in Table 2 were studied via analysis of variance (ANOV) using a randomized block design (Wallenstein et al., 1980) , subsequent to which orthogonal comparisons were constructed to partition the treatment sum of squares into its component parts (Steel and Torrie, 1980) .
Results
Effects of Single Vagal Perturbations
Brief vagal stimuli induce phasic changes in pacemaker periodicity that result from transient hyperpolarizations of the sinoatrial nodal cell membrane during the first and sometimes the second cycle after the vagal burst. Previous experiments from our laboratory have provided indirect evidence for the cellular mechanisms of these changes, and have given important insight about the dynamic interactions that may take place when the sinoatrial pacemaker becomes synchronized to the repetitive efferent vagal discharges. In this study, a more direct approach has been used to determine how the sinoatrial pacemaker responds to single and repetitive vagal input, and to provide a more quantitative account of the relationship between the pacemaker response to a single perturbation and its entrainability by the vagal discharge (Jalife and Moe, 1979a) .
Examples of vagally mediated phase-dependent effects are illustrated in Figure 2 , obtained from an isolated rabbit sinoatrial node. In each panel (A-C), two superimposed transmembrane potentials from a pacemaker cell are shown under control conditions, and during the application of a brief (50 msec) postganglionic vagal train of supramaximal intensity at three different phases of the pacemaker period. The horizontal bars show the timing of the vagal stimulus. The same impalement was maintained throughout. In all panels, the pacemaker was beating at a free-running period of about 335 msec. Panel A shows the effects of a vagal input applied at an early phase. * Orthogonal comparisons indicated that single train results were significantly different from phase-coupled and entrainment data (F = 50.03, P < 0.005). No difference was found between phase-coupled and entrainment results, TFR = mean free-running period; A<fw, = maximum phase shift induced by vagal train at each duration expressed as %TFR. T mln , is expressed as percent change from TFR. All data are positive and indicate prolongation of pacemaker period.
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f Values are means ± SE. The initial analysis of variance for treatment effect produced an F value of 7.76 which was significant at the level a = 0.005 (P < 0.005).
After a latency of about 70 msec, and as a result of acetylcholine-receptor interactions, the cell membrane was hyperpolarized and the next spontaneous discharge was delayed by 85 msec. In panel B, a similar train applied at a later phase (125 msec) induced a greater prolongation (195 msec) of the pacemaker period. Maximal prolongation was observed at a stimulus phase of 180 msec (panel C) which yielded a pacemaker period that was 225 msec (67.2%) longer than control. Panel D shows four superimposed recordings illustrating the strong relationship between vagal stimulus phase and the delaying effects on the pacemaker cycle. When the position of the vagal stimulus was shifted to later phases that were within the last 150 msec of the free-running period (not shown), there were no immediate effects on the pace-
A B
250 msec FIGURE 2. Phase-dependent effects of brief vagal stimulation on pacemaker periodicity of a rabbit sinoatrial nodal cell. Single vagal trains were applied postganglionically every 10 seconds. Each train consisted of 10 biphasic pulses, 100 fisec in duration, 5 msec apart and supramaximal intensity. Same impalement in all panels. In panels A -C, control traces are superimposed with traces obtained during application of a vagal train (horizontal bar) at three different phases. In panel D, four superimposed traces are shown for comparison. Free-running period, 335 msec. Upstroke retouched. maker rhythm, and the pacemaker discharge occurred on schedule. The hyperpolarizing and delaying effects were postponed to the following cycle.
These results are typical of all rabbit SA node experiments surveyed and are qualitatively similar to those obtained in other species (cat, dog, sheep) . This is illustrated in Table 1 , which shows composite data obtained in nine rabbit and five cat sinus node preparations for brief vagal trains of three different durations (50,100,150 msec). Observations were made for trains applied at the phase (<^>max) at which the vagally induced delay in pacemaker discharge (A<#> mM ) was maximal. There were large differences between the two species in terms of control action potential amplitude, maximum diastolic potential, and free-running pacemaker period. The difference in TFR resulted in a different absolute value of <j>max for each species. However, this difference disappeared when <f>max was normalized and expressed in terms of percent TFR. The most outstanding differences were found in the comparison of the maximal hyperpolarization (AV mM ) and the A<£max induced by the respective vagal trains, thus suggesting that AVmax could be the most important determinant of the phase shift generated by a given vagal input. Yet, a closer look at Table 1 reveals that the duration of the hyperpolarizing action (ie., the cophase, 6) at each individual train duration is almost the same in the two species, in spite of major differences in AVmax. The cat vs. rabbit data for the variable 0 were analyzed via a computer program utilizing the method of "fitting constants" (Steel and Torrie, 1980) , a randomized block design that assumes no interaction between animals and vagal pulse duration. This analysis yielded an F = 1.82 for the interaction term and an F = 1.64 for the effect of animal ignoring vagal train duration, both of which were not significant. Since this indicates a statistical similarity between cat and rabbit 6 in response to a given vagal train duration, 8 may be considered a constant for the train duration in question. This indicates that, since TFR in the cat sinus node is almost twice as long as in the rabbit (Table 1) , the magnitude of A-^ma* at <j> raax is determined primarily by the difference between the duration of TFR and the duration of 8 in such a way that A<|w = TFR -(8 + ( 4 w + L)).
(3)
Effects of Change in Phase
The dependence of these effects on the characteristics of the vagal input and on its position within the pacemaker period are visualized in the graphic display of Figure 3 . The data were obtained from a rabbit SA node preparation in which brief postganglionic vagal stimulation at two different train durations was used to scan the pacemaker period. In each panel, time zero (abscissa) corresponds to the beginning of the spontaneous cycle during which vagal stimulation was applied and whose scheduled termination is indicated by the thin vertical lines. The phase and duration of the vagal stimulus is represented by the horizontal bars scanning the free-running cycle (ordinate). The time of occurrence of the initial four pacemaker discharges after each stimulus is indicated on the abscissa by the respective symbols. In panel A, the mean freerunning pacemaker period was 418 msec, and a 75msec vagal train was used for the scan. At this vagal train duration, the maximum level of hyperpolarization at any stimulus phase was approximately constant (see also Fig. 2D ). Thus, whenever the stimulus was applied at phases briefer than 300 msec (Fig. 3A) , the interval between the vagal train and the delayed pacemaker discharge was relatively fixed. At later phases, the relationship changed abruptly; the first pacemaker discharge was no longer delayed and the vagal effects were postponed to the second pacemaker cycle. Yet, a constant relationship in the interval between the stimulus and the delayed discharge (i.e., a constant cophase, 0) was maintained in such a way that the lines defining the positions of first (closed circles) and second (open triangles) discharges appeared to fuse into one.
The results shown in Figure 3A are representative of all experiments in which supramaximal trains of relatively long durations (50-150 msec) were applied either to the cervical vagus (Jalife and Moe, 1979a) or to the postganglionic vagal terminals in the subendocardium of the sinus node. At briefer vagal stimulus durations ( Fig. 3, panel B ) or at lower intensities, the amplitude of the hyperpolarization was no longer constant, the stimulus-to-pacemaker discharge interval decreased progressively, and the linearity of the phasic pacemaker response to the vagal stimulus disappeared.
One additional finding in the experiment of Figure  3 should be considered. It is clear from panels A and B that, regardless of the stimulus characteristics, in this rabbit SA node preparation, only the primary inhibitory component of the vagal effects (Brown and Eccles, 1934) is apparent during the first and second cycles after the vagal input. Since, after the second cycle, the pacemaker returned to its free-running period, in the subsequent cycles the effects are manifest as a phase shift of the spontaneous rhythm with In both panels, the vagal input phase (</>), expressed in milliseconds, is plotted on the ordinate scale. The changes in pacemaker cycle length during the initial five beats after the train are denoted by the respective symbols, and plotted on the abscissa. In panel A, 75-msec trains (horizontal bars) were applied singly every 10 seconds scanning the entire pacemaker period, 30-msec steps. At <j> < 300 msec, large inhibitory effects on first (black dots) and second (open triangles) cycles phase shifted all subsequent discharges. At later phases, the first cycle was not affected but the vagal effects were manifest in subsequent periods. In panel B, 50-msec trains were used for the scan. Note that in this case a continuous nonlinear phase response relationship was maintained. respect to the control. In the original report of Brown and Eccles (1934) , two types of inhibitory curves were described. The first type showed a time course similar to that in Figure 3 , with the vagal effects decaying very rapidly within the first or second pacemaker cycle. In the second type, a triphasic time course was observed in which the primary inhibitory component was followed by a phase of acceleration and a secondary inhibition that lasted several seconds. No acceleratory or secondary inhibitory effects are apparent in the experiment of Figure 3 . This was commonly (not always) observed in rabbit SA node preparations, but was by no means the rule when cat sinus node was studied (see Fig. 6 ). Triphasic inhibitory curves were always obtained in cat preparations regardless of the method of stimulation (pre or postganglionic).
The lack of an acceleratory component, as we shall demonstrate below, may have been fortuitous (see Figs. 4 and 5) . However, the reason for the absence of secondary inhibitory effects in some of these preparations is as yet unclear, since the subcellular basis of the decreased slope of phase 4 depolarization that leads to the secondary inhibition (Jalife and Moe, 1979a) has not, to our knowledge, been documented experimentally.
Paradoxical Effects; Can the Vagus Accelerate the Heart?
The data presented thus far demonstrate that the effects of brief vagal stimulation on the sinoatrial pacemaker period are dependent not only on the timing, amplitude, and duration of the vagally induced hyperpolarization, but also on the relationship between the duration of the hyperpolarization and the duration of the free-running pacemaker period (Table 1) . Previous experiments from our laboratory (Jalife and Moe, 1979a) have suggested that every time a pacemaker cycle was scheduled to end slightly after the termination of the vagally induced hyperpolarization, a post-inhibitory rebound could, in fact, advance the subsequent pacemaker discharge and, paradoxically, abbreviate that cycle. However, no definite proof of this paradoxical acceleration was obtained at that time, and it was necessary to infer the mechanism of the phenomenon indirectly through evidence obtained during hyperpolarizing current pulse application in a sinus node-sucrose gap preparation (Jalife and Moe, 1979a) .
A striking example of vagally induced pacemaker acceleration is illustrated in Figure 4 , obtained from a rabbit SA node preparation. All panels show simultaneous transmembrane potentials recorded from a cell in the pacemaker region (top trace), and from a subsidiary pacemaker cell in the septal edge of the node (middle trace). The bottom trace is a septal surface recording and stimulus monitor. The temperature was held constant at 32°C; this served to prolong the free-running period. In addition, low frequency (6.8 Hz) background vagal stimulation was applied continuously to further prolong the pacemaker cycle 1 sec FIGURE 4. VagaJly-induced acceleration of pacemaker activity in a rabbit SA node preparation. In all panels, simultaneous transmembrane potential recordings from "true" and subsidiary pacemaker cells are shown in top and middle traces, respectively. The bottom trace is a bipolar surface recording from the septal border of the node, and served as vagal stimulus monitor (see also horizontal bars in panels C and D, top). Propranolol (1 jug /ml) was present throughout; temperature was held constant at 32 °C. Panel A, freerunning period (590 msec) in the absence of vagal stimulation. In panel B, postganglionic stimulation at a low frequency (6.8 Hz) prolonged the pacemaker period. In panel C, a brief, high frequency (200 Hz), vagal train was applied during continuous background stimulation. No pacemaker shifts were apparent. However, note hyperpolarization and rapid "rebound" of membrane potential. Trie pacemaker period was abbreviated by 270 msec. In panel D, two superimposed sweeps are shown for comparison. Same impalement in all panels. Upstrokes retouched.
(panels B-D). Furthermore, propranolol was continuously superfused at a concentration of 1 jug/ml. Panel A shows the steady state free-running pacemaker period (590 msec) at 32 °C in the absence of vagal stimulation. In all panels, the oscilloscope was triggered by the action potential downstroke. In panels B-D, recordings were obtained during the diastolic interval and subsequent pacemaker discharge which occurred at a cycle length of about 1690 msec (panel B) after a subthreshold oscillation. This oscillatory behavior is common of sinoatrial pacemakers in response to long-lasting hyperpolarizations (Noma and Irisawa, 1974) and is predicted by theoretical calculations (Michaels and Jalife, unpublished), using Hodgkin and Huxley-type equations (Yanagihara et al., 1980) . In panel C, a brief (50 msec) high frequency train (200 Hz) was applied at a phase of 630 msec. After a 100-msec latency, the pacemaker cell membrane (top trace) hyperpolarized almost to the level of the maximum diastolic potential. However, this hyperpolarization was transient (0 = 690 msec), and the membrane depolarized rapidly toward threshold, discharging an action potential at a cycle length (1420 msec) that was 270 msec briefer than in B. Note that-in spite of this significant abbreviation-the activation sequence remained unchanged, and no shift of pacemaker site was apparent in the subsidiary pacemaker or the septal recording. Two oscilloscope sweeps are superimposed in panel D to compare "control" and test responses. Clearly, brief vagal stimulation at supramaximal intensity can significantly shorten the pacemaker cycle length under the appropriate conditions; i.e., when the pacemaker period is sufficiently long to outlast the resultant hyperpolarization. As demonstrated by the traces in Figure 4 , this abbreviation is secondary to the hyperpolarization and subsequent "rebound" of the pacemaker cell membrane and does not depend on any external factors, such as pacemaker shifts or reentrant mechanisms (Spear et al., 1979) .
Additional demonstration of this phenomenon is given in Figure 5 . The conditions in this rabbit SA node experiment were the same as those in Figure 4 , except that the temperature was maintained at 37°C The duration of the pacemaker period was controlled by applying background postganglionic stimulation at various frequencies. Two superimposed traces are shown in each panel of Figure 5 to compare the pacemaker period in the absence and the presence of a brief (50 msec), high frequency vagal stimulus applied at a fixed interval (top trace). The same impalement was maintained throughout. In panel A, the free-running (no background stimulation) pacemaker period was 405 msec. A brief vagal input applied very early in the cycle hyperpolarized the membrane and delayed the next pacemaker discharge by 170 msec. In panel B, continuous low frequency (5 Hz ground stimulation increased the pacemaker period to 600 msec. Application of the test vagal stimulus further prolonged the pacemaker period, but in this case the relative increment in cycle duration was much less (48 msec) than in panel A. Note that following the hyperpolarization induced by the brief train, the slope of phase 4 depolarization was steeper than during the respective control (panel B), especially at the end of the diastolic interval. In panel C, the background frequency was increased to 10 Hz, and the pacemaker period was prolonged to 690 msec. In the following sweep, the brief train once again was followed by a membrane hyperpolarization. In this case, however, the steeper diastolic slope effectively accelerated the subsequent pacemaker discharge in spite of continuous background vagal stimulation. Finally, in panel D, stimulation at 15 Hz prolonged the pacemaker period to 775 msec. Under these conditions, the acceleratory effects after the brief stimulus became more pronounced and the pacemaker cycle length was abbreviated by about 120 msec.
It should be pointed out that, in Figures 2, 4, and 5, the test responses, whether delayed or accelerated, were of lesser amplitude and duration than their respective controls. This probably resulted from a moderate inhibitory action of acetylcholine on the slow inward current responsible for the action potential upstroke in these cells (Brown et al., 1979) . However, it should also be indicated that this effect plays a very minor role in determining the phasic nature of the changes induced by the brief vagal input on pacemaker periodicity. Indeed, the results of these experiments show that for a given vagal stimulus (see Figs. 2-5), the absolute magnitude of the phase shift (whether delay or acceleration) is a function of the stimulus timing, of the duration of the hyperpolarization, and of the duration of the free-running pacemaker period (see also Table 1 ).
The PRC; Single vs. Repetitive Input
The phase response curve is a convenient way to illustrate the phasic nature of the response of an oscillatory system to brief perturbations from its surroundings (Pittendrigh, 1965; Jalife and Moe, 1979b; Jalife et al., 1980a) . Two types of PRC's are generally used in cardiac electrophysiology to describe the effects of brief vagal perturbations. In the procedure illustrated in Figures 2 and 3 , the pacemaker period is scanned by applying a single vagal stimulus every 10-30 second. Data may be plotted as "inhibitory curves" (Brown and Eccles, 1934) which show the effect of the single vagal stimulus on several cardiac cycles (Fig. 6A ), or as "PRC's" which depict only the effect on the pacemaker discharge immediately following the stimulus. In the second type of experiment, perturbations are applied periodically at fixed intervals after each pacemaker discharge. The steady state effect on pacemaker period is then plotted on the PRC as a function of the phase of the vagal stimulus (Levy et al., 1969) . This protocol is referred to as phase coupling. Figure 6 compares the results of these two methods in a cat SA node experiment. Panel A shows the effect of single vagal trains (100 msec), plotted as an inhibitory curve (Jalife and Moe, 1979a) modified from the original Brown and Eccles (1934) plot. The percent change in pacemaker cycle length (PCL) of the initial seven beats after the stimulus is plotted on the ordi-nate scale as a function of the interval between the stimulus and the expected pacemaker discharge. A triphasic inhibitory curve resulted. Beginning at time zero on the abscissa, there was a latent period of about 135 msec, a phase of prolongation of the first pacemaker cycle, an acceleratory component during the second pacemaker cycle, and a final phase of lesser deceleration that lasted for several seconds. In panel B, the data for the first cycle (black triangles) are replotted in a PRC (A<£ vs. <j>) and are compared with data obtained using phase coupled stimulation (black dots). As the superimposed curves in Figure 6B show, vagal inputs can lead to strong phase-dependent effects, regardless of the method of stimulus application. In either case, stimuli applied progressively later in the cycle induce progressively greater prolongation in pacemaker period. The two curves show some differences in general shape and extreme values. There are two main reasons for these differences. First, in the single train PRC, only the effects on the first pacemaker discharge after the stimulus are taken into account. Thus, the residual • effects during the second cycle and secondary inhibitory components of the subsequent cycles (panel A) are lacking. In contrast, during phase-coupled stimulation, even though in the steady state the phasic nature of the pacemaker response to the vagal input remains unaltered, the buildup of secondary components over several cycles contributes to.a shift in the baseline toward longer pacemaker periods and, consequently, to a shift in the magnitude of the individual responses.
The second and perhaps more important reason for the quantitative differences between single train and steady state PRC's is the development of desensitization of the muscarinic receptor at the sinoatrial cell membrane Qalife et al., 1980b; Tokimasa, et al., 1980) . A decay of the chronotropic response of the sinoatrial pacemaker usually develops after long periods of vagal stimulation at relatively high frequencies (Satow, 1968; Jalife et al., 1980b; Martin et al., 1982) . This fade has been ascribed to receptor desensitization or possibly to a combination of receptor and effector desensitization (Martin et al., 1982) . It follows that, with repetitive vagal input, the steady state PRC frequently is reduced in amplitude because the hyperpolarizing effect of the individual trains is ameliorated, especially at the faster frequencies.
Entrainment and the PRC
One of the most outstanding features of the dynamic control of heart rate by parasympathetic activity is the ability of periodic vagal discharges to entrain the pacemaker to beat at periods that may be briefer or longer than its own intrinsic cycle length (Suga and Oshima, 1969; Reid, 1969; Levy et al., 1969; Jalife et al., 1982) . The possibility of entrainment depends mainly on the fact that brief vagal discharges can "correct" the pacemaker rhythm by an amount that depends on their instantaneous relationship to the pacemaker period. Accordingly, since there is only one PRC for a particular stimulus under a specific set of circumstances, the PRC should provide quantitative testable predictions about characteristics of entrainment under those specific conditions.
The predictive value of the PRC was tested in 12 experiments. After the single and steady state PRC's had been completed, the entrainment paradigm was carried out (see Methods). Composite results of a complete rabbit SA node experiment are illustrated in Figure 7 . Each vagal stimulus consisted of a 50msec train (10 pulses). Panel A shows single train (black triangles) and steady state (black dots) phase response curves. Panel B shows plotted results of the entrainment paradigm. The mean pacemaker period (T), expressed as a percent change in the free-running period (TFR) , is plotted on the ordinate scale of Figure  7B , as a function of the vagal stimulus period (abscissa), expressed in msec. The horizontal broken line indicates no change in the free-running pacemaker period (380 msec); any deviation from this line is a measure of the extent of entrainment. All data were obtained during steady state conditions at each vagal stimulus cycle. The stable entrainment zones are identified by the inclines, and their slopes define the harmonic relations between the sinoatrial pacemaker and the repetitive vagal input.
Several predictions of the PRC were tested in this experiment. First, the strong phase sensitivity of the pacemaker period to the vagal input ( fig. 7A ) predicts that, during repetitive stimulation, it should be possible to entrain the pacemaker to beat at regular periods other than its own intrinsic cycle. This was clearly shown to be the case. Stable entrainment occurred at vagal stimulus to pacemaker cycle length (VSCL:PCL) ratios of 2:1,1:1, and 1:2 (Fig. 7B ). Within these zones, the pacemaker adopted a fixed phase relation to the vagal input and a constant discharge pattern at any vagal cycle length after a short "accommodation" period. The stable zones were separated by areas of instability in which wide variations in pacemaker cycle and phase relations occurred. Phase-fluctuating rhythmic patterns converted almost immediately when a stable zone of entrainment in the cycle length-response curve was reached.
A good experimental example of entrainment is shown in Figure 8 . The free-running cycle length was 250 msec (panel A) and entrainment was attempted with vagal trains (vertical bars) that greatly delayed the pacemaker discharge. In panels B-D, stable entrainment could be maintained at periods (480, 500, and 520 msec) that were approximately twice as long as the free-running period. At longer cycles (not shown), entrainment was broken until the vagal period was increased to 700 msec (panel E), at which time the pacemaker was locked to beat in a 1:2 ratio. This experiment shows very clearly that the entrainment characteristics of the pacemaker to a given perturbation are dictated by the phasic relations between the pacemaker period and the period of the perturbing input.
The PRC and the Limits of Entrainment
The second important prediction of the PRC concerns the limits of entrainment of the pacemaker by the external periodicity. The results in Figure 7B indicate that stable entrainment can be maintained as long as the vagal cycle length is not too different from the free-running period or one of its harmonics. According to oscillator theory, the extreme values to which a system will entrain are given by the extreme phase-shift that a single input (comparable to a recurring entraining input) will effect. If this phase shift is very large-and it can be more than twice the freerunning period (see Fig. 8 )-entrainment should occur at cycle lengths that are significantly different from the intrinsic pacemaker period. In Figure 7B , the limits of the zone of stable entrainment were clearly dictated by these phasic relations and were easily determined from the steady state PRC in Figure 7A . The extent of entrainment in this case (panel B) was always between 400 and 500 msec; i.e., between 5 and 32% longer than the free-running period (380 msec). These extreme values were very similar to those in the steady state PRC of panel A (5 and 38%). The slight difference (6%) at the higher limit resulted probably because, in the entrainment experiment, the vagal cycle length was varied in 50 msec steps, and some data points were omitted. In spite of this, the entrainment data (indicated by the encircled dots in Fig. 7A) show a remarkably good correlation to the steady state PRC. This correlation was confirmed in four preparations (Table 2) in which the three consecutive paradigms (i.e., single train, steady state phase-coupling, and entrainment) were performed while recording sinoatrial pacemaker activity from the same pacemaker cell throughout each experiment. Analysis of variance, using a randomized block design (Wallenstein et al., 1980) and orthogonal comparisons, demonstrated no significant differences between the A<£max and maximum limit of entrainment values at the three different train durations (50, 100, and 150 msec). In contrast, a highly significant difference (P < 0.005) was found when the single train results were compared with the steady state and entrainment data. This difference cannot be related to a depletion of acetylcholine stores (Kilbinger and Loffelhoz, 1976) at the nerve terminals since single train curves (not shown) obtained immediately after the entrainment paradigm, were nearly identical to those reported in FIGURE 8. Analog records illustrating entrainment behavior of sinoatrial pacemaker preparation during application of repetitive vagal input. Panel A is the control. In panels B -D, brief vagal trains (vertical bars) were applied at periods of 480, 500, and 520 msec. 1:1 entrainment occurred, and the pacemaker was forced to beat at constant cycles that were about twice as long as the free running period. In panel E, at a vagal period of 700 msec, 2.1 entrainment ensued.
The Steady State PRC and The Limits of Entrainment
Although the single train PRC provides some important information about the entrainment behavior of the sinoatrial pacemaker, the steady state PRC is a much more quantitative indicator for predicting entrainment characteristics, especially when desensitization of cholinergic receptors alters the response of the pacemaker to periodic vagal input. Nevertheless, the PRC obtained in the single train experiment (Fig.  7 A; black triangles) indicates that, in the absence of desensitization or when the steady state magnitude of the vagal input is increased, the limits of stable entrainment should become greater. This is precisely what happens (see Table 2 ). Figure 9 shows the steady state PRC (panel A) and entrainment curve (panel B) obtained from the same rabbit SA node experiment as in Figure 7 , when the duration of the vagal train was increased from 50 msec (10 pulses) to 150 msec (30 pulses). Figure 9A shows that scanning the pacemaker cycle with these stronger inputs produced much greater delays in the steady state, up to a maximum of 71%, whenever the train was programmed to occur at a steady state phase of 56% of the free-running period. In panel B, when the vagal input was presented at periods that were independent of the pacemaker discharge, the ranges of vagal cycle lengths at which the pacemaker could be entrained became wider (compared with Fig. 7B ), at the expense of the zones of instability. The maximum limit of the stable 1:1 entrainment increased to a period ;of 650 msec, which corresponds to a maximum delay of about 71% (Fig. 9B) .
The Stability of Entrainment
The PRC also predicts the phasic relations at which stable entrainment will occur. In Figure 7B , stable 1:1 entrainment occurred at vagal periods between 400 and 500 msec. The three points that comprise this region of stability correspond to repetitive vagal trains that occurred at fixed phases in the pacemaker period. These points fell on the positive slope regions of the steady state PRC (encircled dots; Fig. 7A ). This was also true for the stable points in the 1:1 region of Fig.  9B . Outside of those regions (i.e., between 50 and 80% of the pacemaker period in Fig. 7B ), phasic relations were unstable, fixed entrainment could not be maintained, and large beat-by-beat variations in pacemaker cycle length resulted. These data are in complete agreement with those of Levy and his coworkers (1969a) in the anesthetized dog, and conform to the mathematical predictions (Perkel et al., 1964) that the domain for stable entrainment should lie in those regions of the PRC having a slope between 0 and 2.
PRC Symmetry Determines the Lower Limit of Entrainment
The aforementioned PRC's ( Figs. 7 and 9) were asymmetrical in the sense that vagal inputs induced delays at all phases in the cycle. The existence of this asymmetry predicted that stable entrainment would be limited to mean intervals that were longer than the free-running pacemaker period. However, the data of Figures 4-6, together with PRC's constructed in an earlier study (Jalife and Moe, 1979a) , indicate that, under appropriate conditions, brief vagal inputs applied sufficiently early in the pacemaker period can accelerate the subsequent discharge. According to those results, the symmetry of the PRC depends very strongly on the relationship between the duration of the vagally induced hyperpolarization (i.e., 6) and the duration of the free-running period (see Table 1 ). Consequently, the ability of the vagal input to phase advance the pacemaker rhythm in those cases in which the intrinsic period is relatively long, predicts that it would be possible to entrain the pacemaker at intervals that are briefer than its free-running period.
Examples of vagally induced acceleration of pacemaker rhythm (Fig. 10) were obtained from an isolated sheep sinus node preparation that was beating at a slow pacemaker cycle length. The top panels show superimposed traces during control and during application of a brief vagal train. The mean freerunning period was 1630 msec. In panel Ai, a brief vagal stimulus (horizontal bar), applied at a phase of 180 msec, advanced the next discharge and abbrevi- ated the pacemaker period to 1500 msec. In panel Bi, the vagal stimulus was applied at a much later phase (1140 msec); the subsequent discharge was greatly delayed. The records in panels A 2 and B 2 were obtained just before attempting entrainment, while the pacemaker beat spontaneously at a free-running period of about 1630 msec. In panel A3, repetitive vagal stimuli were applied at a constant period of 1500 msec. No significant desensitization was apparent. When steady state was reached, the pacemaker was entrained in a 1:1 manner with each vagal stimulus occurring very early in the cycle, thus forcing the pacemaker to beat a constant period of 1500 msec. In B 3 , the vagal cycle length was increased to 2200 msec; one-to-one entrainment persisted at this period. Each vagal input occurred at a much later phase (1050 msec) and, as predicted by the records in Bi, delayed the subsequent discharge by about 670 msec, entraining the pacemaker at a relatively stable cycle of 2200 msec. As in previous experiments, the characteristics of entrainment could be predicted by the PRC. The more symmetrical relation in this experiment resulted in a stable 1:1 entrainment zone that extended from periods that were briefer to periods that were longer than the intrinsic pacemaker cycle length.
Discussion
Cardiac pacemakers can be entrained by external periodicities in their environment (Segers, 1946; Levy et al., 1969; Moe, 1979b, Jalife et al., 1980a) . In the steady state, the period of the entrained pacemaker can become identical to that of the entraining periodicity. Under these conditions, the entrained pacemaker assumes a fixed phase relationship to the entraining perturbation. Thus, entrainment of a cardiac pacemaker by an external input depends on phase control. Accordingly, one of the most important prerequisites for entrainment at various external periods is that the sensitivity of the pacemaker to the effects of the input be a function of the timing of that input.
The results of this study demonstrate conclusively that the condition of phase-dependent sensitivity is fulfilled when cardiac pacemakers interact with single or periodically applied vagal inputs. When applied periodically, brief vagal discharges are capable of A B 2 sec 3 sec FIGURE 10. Phasic changes and entrainment of an isolated sheep sinus node preparation (mean TFR: 1630 msec). In panels A\ and Bi, two superimposed traces are shown during control and during the application of a single (50-msec) postganglionic train at early and late phases, respectively. In panels A2 and B2 (note different horizontal calibration in panels A\ and Bi), free-running periods are shown just prior to application of repetitive vagal trains at cycle lengths of 1500 and 2200 msec (panels A3 and B 3 ), respectively. Stable 1:1 entrainment occurred at both vagal periods. A paradoxical acceleration is shown in panel A3. The pacemaker was forced to beat at constant cycles that were about 130 msec briefer than TFR. In panel B3, the same input entrained the pacemaker at periods that were 570 msec longer than TFR.
entraining the sinoatrial pacemaker because they can "correct" the pacemaker period by an amount that depends on their instantaneous relation to that period. This ability of repetitive vagal discharges to synchronize the sinoatrial pacemaker period was demonstrated in anesthetized animal preparations (Suga and Oshima, 1969; Reid, 1969; Levy et al., 1969) and was predicted by previous experiments from our laboratory in which single vagal bursts were used to scan the spontaneous pacemaker cycle in isolated vagus nerve-sinus node preparations (Jalife and Moe, 1979a) . These experiments provide definite confirmation for those predictions, and can be used to explain the cellular mechanisms involved in the phasic effects of brief vagel discharges on pacemaker periodicity. For example, as Figure 2 shows, the primary inhibitory effect of a brief vagal volley (Donders 1868; Brown and Eccles, 1934) is the result of a transient hyperpolarization that effectively delays the sinoatrial pacemaker discharge to a point that depends on its position in the spontaneous pacemaker period. This hyperpolarization is short-lived, and usually disappears during the second cycle after the stimulus (Fig. 3 ). In addition, as illustrated in Figures 2 and 3 , under the conditions of supramaximal vagal stimulation, the absolute level of membrane hyperpolarization, as well as the interval between the stimulus and the overt pacemaker discharge, remains relatively constant at every stimulus phase. Consequently, after strong vagal stimulation, the phase shift of pacemaker discharge induced by a brief vagal volley can be a linear function of the stimulus timing. The linearity of the relationship is dependent upon the magnitude and duration of the vagally mediated hyperpolarization.
These data provide clear and specific answers to some of the questions put forward by other authors (see Levy et al., 1969; Reid, 1969) when discussing the possible electrophysiological basis of the frequencydependent patterns of interaction between the cardiac pacemaker and the vagus nerve. Some of those questions pertain to the cellular changes mediating the triphasic inhibitory curve described many years ago by Brown and Eccles (1934) . Until recently, most of the complex series of events generated at the sinoatrial pacemaker cell membrane by the application of a brief vagal volley had not been explained satisfactorily. The evidence presented in this and other studies from our laboratory (Jalife and Moe, 1979a) indicate that the two inhibitory components on the triphasic curve are explained by two distinct mechanisms. The phase of primary inhibition is mediated by a direct hyperpolarization of the sinoatrial cell membrane that lasts about 1 second (Fig. 2) and can be approximated by comparable levels of hyperpolarization induced by current injection (Jalife and Moe, 1979a; Jalife et al., 1980a) . On the other hand, the secondary inhibitory effect that appears in some rabbit and most cat SA node preparations is not associated with hyperpolarization but with a gradual decrease in the slope of phase 4 depolarization (see Jalife and Moe, 1979a) during subsequent cycles.
The primary inhibitory effect is undoubtedly triggered by acetylcholine (ACh) activation of muscarinic receptors in the external surface of the sinoatrial cell membrane (Hutter and Traurwein, 1956) , and generated by a relatively fast opening of specific channels by the ACh-receptor complex (Osterrieder et al., 1980) . The secondary component is probably also triggered by the ACh-receptor interaction, but it is perhaps related to intracellular metabolic processes with relatively slower kinetics, or possibly is generated by accumulation of extracellular potassium secondary to a massive permeability change (Spear et al., 1979) . However, the evidence for this latter mechanism is not really convincing, since a direct correlation between secondary inhibition and external potassium activity has not been established.
One alternative explanation remains totally unexplored, namely, that the triphasic shape of the inhibitory curve may result from the interaction of ACh with more than one type (possibly two) of muscarinic receptor on the surface of the pacemaker cell membrane. This hypothesis is supported by recent biochemical experiments (Hulme et al., 1981; Galper and Smith, 1978) showing that heart pacemaker cells may possess two populations of muscarinic receptors with different binding kinetics (one fast, one slow). Additional support can be found in the original experiments of Brown and Eccles (1934) , who demonstrated that administration of small doses of atropine (5 fig) selectively diminished the amplitude of the primary component without affecting the secondary inhibitory effect (see Brown and Eccles, 1934; their Fig. 16) , therefore suggesting the possibility of two different types of receptors with different sensitivities to small doses of muscarinic antagonists.
In summary, our results provide insight into the cellular mechanism of the triphasic inhibitory curve of vagal stimulation on sinoatrial pacemaker activity. However, there exists sufficient doubt about the subcellular basis of the secondary phase of slowing to warrant further investigation.
One additional puzzle has been solved by our experiments in the isolated sinus node preparation. Ever since the classical experiments of Brown and Eccles (1934) , it has been known that-under certain conditions-application of a brief vagal stimulus can unexpectedly induce acceleration of the sinoatrial pacemaker period. Until recently, no adequate explanation had been provided for this most interesting effect. Acceleration could not be the result of vagally induced pacemaker shifts; neither could it be associated with sympathetic activation, since tetanic stimulation of sympathetic nerves had been shown to abolish (Brown and Eccles, 1934) -and administration of propranolol to accentuate (Levy et al., 1969 )-the acceleratory component in the triphasic curve. Our experiments provide compelling evidence in support of the hypothesis that-whenever an appropriate relationship exists between the duration of the vagally induced hyperpolarization, its timing, and the duration of the free-running pacemaker period-"paradoxical" acceleration of that period can be induced by an intrinsically inhibitory (i.e., vagal) stimulus (see Figs. 4, 5, and 10) . The ionic basis of this paradoxical effect probably is related to the fact that, in cardiac tissues, hyperpolarization toward the potassium equilibrium potential decreases membrane conductance to potassium, and unmasks inward currents responsible for depolarization (c.f. Irisawa, 1978) , hence leading to a postinhibitory rebound that effectively increased the slope of phase 4 depolarization. It follows that if the free-running pacemaker period is sufficiently long and if the vagal input is applied sufficiently early in the pacemaker period, the timing of the subsequent pacemaker discharge will be advanced and the pacemaker period will be abbreviated.
Under normal conditions, reflex vagal discharges are grouped in discrete bursts that occur at specific phases after every pacemaker discharge (Green, 1959; Katona et al., 1970) . It is therefore obvious that the steady state PRC should be a more accurate predictor of the entrainment behavior of the cardiac pacemaker than the single train PRC. This was found to be the case in our experiments in which entrainment by postganglionic vagal stimulation was studied. Yet, our experiments show that the single train PRC can sometimes be used to anticipate the existence of entrainment, particularly at low frequencies of vagal stimulation (see Fig. 10 ).
These data are in complete agreement with those 655 of coworkers (1969, 1970a) , who demonstrated that the total range of pacemaker periods covered by the steady state PRC corresponds directly with the primary range of entrainment ( Figs. 8 and 9 ). For example, the steady state PRC of Figure 8A indicates that at no entrainment ratio in Figure 8B can the periodic vagal stimulus force the pacemaker to beat at cycles longer than 500 msec. Hence, brief vagal stimuli applied repetitively with a period somewhat longer than 500 msec could not produce stable entrainment of the pacemaker because the average ratio would fall within the zone of instability at which the vagal input would occur at various phases within the pacemaker period. Indeed, the range of stable entrainment at 1:1 is the projection of the PRC onto the pacemaker period axis (Enright, 1965) . The possible physiological and clinical implications of the entrainment phenomena demonstrated in this study have been discussed previously (Jalif e and Moe, 1979a; Levy et al., 1969 . Several electrophysiological studies have demonstrated that the occurrence of impulse grouping in efferent cardiac vagal fibers results in part from periodic activation by afferent baroreceptor impulses (Jewett, 1964; Kunze, 1972) . Therefore, it seems likely that entrainment and vagus-SA node phase-locking play a significant role in the dynamic regulation of cardiac pacemaker activity by the autonomic nervous system. It is also possible that many sinoatrial rhythm disturbances, whether or not associated with apparent atrioventricular conduction alterations, may be the result of these frequency-dependent vagus-SA node interactions (Jalife et al., 1982; Jalife and Moe, in press ). The principles may apply also to the cyclic changes of cardiac pacemaker activity induced by the respiratory rhythm. Indeed, respiratory modulation of vagal activity has been demonstrated repeatedly, and the mechanism of sinus arrhythmia has been related in one way or another to vagal activity associated with the respiratory cycle (c.f. Levy et al., 1966) . As shown in Figures 7-9, in addition to the primary range of synchronization (i.e., 1:1), a sinoatrial pacemaker may have other secondary ranges of entrainment in which the pacemaker may adopt a period that is either an exact submultiple of the period of the vagal input (i.e., 2:1, 3:1, etc.) or a simple multiple of that period (i.e., 1:2, 1:3, etc.). Thus, it is quite possible that, during sinus arrhythmia, oscillatory changes in pacemaker periodicity induced by the respiratory rhythm may be associated with periodic discharge of afferent fibers in the lungs, producing brief vagal perturbations on cardiac pacemaker periodicity at relatively slow frequency. The existence of entrainment by such slow-frequency entraining cycles is in fact predicted by the PRC.
Finally, as suggested by Levy et al. (Levy and Zieske, 1970; Levy and Edflstein, 1970) one additional role for vagally mediated entrainment and phaselocking of pacemaker periodicity can be found in the distinct harmonic relations between sinoatrial and ventricular frequencies in some patients with complete AV dissociation (isorhythmic dissociation).
